Summary In syngeneic mice, the H5V polyoma middle-T oncogene-transformed endothelioma cell line induces Kaposi's sarcoma-like cavernous haemangiomas that regress transiently, probably because of an anti-tumour immune response, but eventually grow progressively and kill the host. To evaluate the generation of tumour-specific cytotoxic T lymphocytes (CTLs), spleen cells of tumour-bearing mice were restimulated with irradiated H5V cells in mixed leucocyte-tumour cell cultures. Tumour-specific CTLs were demonstrable only when low numbers of H5V stimulator cells were used (<1 H5V cell per 50 splenocytes). We found that H5V cells secrete immunosuppressive mediators because CTL generation was blocked when H5V cells culture supernatants were added to allogeneic mixed leucocyte cultures. As numerous tumour-derived immunosuppressive mediators may interfere with interleukin 12 (IL-12) production, we tested whether IL-12 treatment of the tumour-bearing mice would augment their immune response and thus suppress tumour growth. Indeed, IL-12 inhibited tumour growth and prevented mortality, but did not increase anti-H5V CTL generation either in vitro or in vivo. Moreover, the anti-tumour activity in IL-12-treated mice was abrogated by anti-interferon (IFN)-y monoclonal antibody (MAb) co-administration. These results strongly suggest that the antitumour effect of IL-12 is principally mediated by IFN-y release that in turn blocks H5V cell proliferation and induces the release of factors that suppress angiogenesis.
associated with the H-2b MHC haplotype (Freund et al, 1992) . As anti-tumour cytotoxic T-lymphocyte (CTL) activity may be the basis of an effective immunity to solid tumours of viral origin, our primary aim was to demonstrate the presence of H5V-specific CTLs in the tumour-bearing mice (Chieco-Bianchi et al, 1988) .
During the course of our studies, we observed that H5V cells secrete soluble immunosuppressive mediators. PGE2 is the main prostaglandin produced by normal heart microvascular endothelial cells, and has often been implicated in tumour-induced immunosuppression (Smith, 1986; Sulitzeanu, 1993) ; therefore, we investigated whether H5V cells also produce this prostaglandin. Indeed, the immunosuppressive effect of the tumour may limit the development of an effective CTL response in vivo, thus facilitating tumour growth. We also evaluated whether treatment with interleukin 12 (IL-12), a cytokine whose secretion can be impaired by products secreted from tumour cells, and which was recently found to have potent anti-tumour activity against H5V cells (Vecchi et al, unpublished) , could enhance the generation of antitumour CTL and bring about a complete tumour elimination (Gately, 1993) . To test this possibility, tumour-injected animals were treated with different doses of IL-12, and then tumour growth, anti-tumour CTL activity and survival of the treated and control animals were compared. Moreover, as IL-12 induces interferon (IFN)-y production in vivo , the contribution of this cytokine to the in vivo effect of IL-12 was also studied by treating tumour-injected mice with anti-interferon (IFN)-y monoclonal antibody (MAb).
MATERIALS AND METHODS Mice and in vivo tumour growth experiments
C57BL/6 and BALB/C mice were purchased from Charles River (Charles River, Como, Italy). Procedures involving animals and their care were in conformity with institutional guidelines that comply with national and international laws and policies (EEC Council Directive 86/609, OJ L 358, 1, 12 December 1987; NIH Guide for the Care and Use of Laboratory Animals, NIH Publication No. 85-23, 1985) . Female C57BL/6 mice (8-12 weeks old) were injected with trypsinized H5V cells subcutaneously (s.c.) 
Preparation of cell suspensions and flow cytofluorometric analysis
Mice were killed by ether overdose. Single-cell spleen cell suspensions were prepared in Dulbecco's modified Eagle medium (DMEM) using a nylon mesh. The viability of the cell suspensions was checked by eosin exclusion tests, and was always higher than 85%. Immunofluorescent labelling and flow cytofluorometric analysis were performed as described previously (Jainossy et al, 1993) , using a Coulter Elite flow cytofluorimeter (Coulter Electronics, Hialeah, CA, USA). Phycoerytrin (R-PE)-labelled rat anti-mouse CD8 MAb (clone 53-6.7) was purchased from Pharmingen (San Diego, CA, USA).
Cell cultures
All cell cultures were maintained in complete DMEM [DMEM supplemented with L-glutamine, Hepes, 2-mercaptoethanol, penicillin, streptomycin and 10% heat-inactivated fetal calf serum (Flow, Irwine, UK)]. In vitro passages of the H5V cell line were performed by detaching the adherent tumour cells with 0.25% trypsin solution containing 2 mm EDTA (Gibco, Paisley, UK).
H5V-specific CTLs were generated by restimulating spleen cells in mixed leucocyte-tumour cell cultures (MLTCs). Responder spleen cells from tumour-bearing or normal C57BL/6 mice (2.5 x 107) and different numbers of gamma-irradiated (60 Gy) H5V stimulator cells were cultured in 15 ml of complete DMEM in 25-cm2 tissue culture flasks (Falcon, Los Angeles, CA, USA). In some experiments, IL-12 was added (0.1-10 ng ml-1) when the cultures were set up. On day 5, CTL activity was measured in a 5mCr-release assay.
To test the soluble immunosuppressive factors produced by the H5V cells, supematants of high cell density tumour cell cultures (> 3 x 105 cells ml-') were added to allogeneic mixed leucocyte cultures (MLC), which consisted of 2.5 x 107 C57BL/6 spleen cells stimulated with 2.5 x 107 irradiated (20 Gy) BALB/C spleen cells (C57BL/6-BALB/C MLC).
PGE2 content of the cell culture supematants was determined with a commercial ELISA kit (Amersham, Little Chalfont, UK). 
RESULTS
Growth of H5V tumours in syngeneic mice B6 mice were injected s.c. in the left flank with 2 x 105, 106 or 5 x 106 H5V cells. All mice developed subcutaneous primary tumours whose diameter was related to the cell dose injected (data not shown). As previously reported, the H5V-induced tumours regressed transitorily at around day 20, when most recipients were found to be tumour-negative by palpation, i.e. tumour diameter was less than 2 mm (Fig. 1) . In the animals autopsied at this time point, no cavernous haemangiomas were present, and only small non-vascular remnants of the tumours were found (not shown). In the majority of the animals injected with the higher cell doses, vascular tumours reappeared and disseminated to the visceral mesentery, the ovary, the liver, and, albeit rarely, distant subcutaneous sites. From day 60, the animals started to die and the cause of death was usually massive bleeding due to rupture of intraabdominal cavernous haemangiomas. In subsequent experiments, we used the intermediate tumour dose (106 cells), which caused tumour regrowth and metastases in most of the injected mice. Figure 4 Immunosuppressive activity of H5V cell culture supernatants collected at different time points after in vitro culture. The supematants from 2-, 4-or 6-day cultures of H5V cells were added at the final concentration of 5% to C57BU6-BALB/c MLC, set up as described in the legend of Figure 3 .
On day 5, LU5dMLC were determined (LU50 is the number of effector cells causing 50% specific lysis of 5000 target cells), and CTL activity was calculated as the percentage of the CTL activity found in control MLC. Total LU 50 in control MLC without H5V supernatants was 819 ± 104/MLC (n = 3) Detection of anti-H5V CTL activity in the tumourbearing mice To evaluate CTL generation against H5V tumours, mice were injected with 106 H5V cells, killed on day 10, and MLTCs were set up by mixing spleen cells with irradiated H5V stimulator cells; non-injected mice were analysed in parallel. Surprisingly, the generation of specific CTL activity was demonstrable only if low numbers of H5V stimulator cells were used in the MLTC (Fig. 2) . Indeed, maximum cytotoxicity was detected at very low stimulator to responder ratios (1:100-1:1000). When a stimulator to responder cell ratio greater than 1:50 was used, no CTL activity was detected. Control mice did not exhibit appreciable CTL activity. The overall cell recovery was usually in the same range in the MLTC of both H5V tumour-bearing and naive mice. However, in the former, the percentage of CD8+ cells was elevated, and CD8+ blasts were also detected (data not shown). Peak CTL activity was found around day 10; it then decreased but remained detectable even 3 months after the injection in animals bearing multiple tumours (data not shown).
To investigate whether the low number of H5V cells required to induce CTL generation was due to their release of immunosuppressive factors, different amounts of H5V cell culture supematants were added to C57BL/6-BALB/C allogeneic MLC, and cell recovery and CTL generation were evaluated. The H5V cell culture supematants inhibited responder cell proliferation and CTL generation in a dose-dependent fashion, and this suppressive effect was detectable at supernatant concentrations as low as 2% (Fig. 3) . Supernatants of overgrown cell cultures of the non-malignant SI fibroblast cell line were also tested, and found to be devoid of immunosuppressive effects. The immunosuppressive activity of different H5V culture supernatants varied and was more pronounced when the in vitro H5V culture time was increased (Fig. 4) .
To investigate whether the H5V haemangioma cells secreted PGE2, a factor that was shown to be responsible for immunosuppressive effects, the presence of PGE2 in H5V cells culture supernatants was evaluated. We observed that H5V cells produced PGE2 in variable quantities; in some cases, the PGE2 concentration reached 1 ng ml-1 (about 3 ng per 106 cells). However, the suppressive activity of different H5V supematants did not correlate directly with their PGE2 content. The addition of 1 gM of the cyclooxygenase inhibitor indomethacin to the H5V cultures completely eliminated PGE2 production, and reduced but did not eliminate the immunosuppressive effect. Moreover, daily indomethacin treatment (2 mg kg-' i.p.) of the tumour-bearing mice in order to block prostaglandin synthesis did not significantly change recipient survival nor influence the anti-tumour CTL activity (data not shown). Figure 6 H5V-specific CTL activity in untreated and IL-12-treated tumourbearing mice. Groups of recipients were killed on day 10 (A) or day 25 (B). Spleen cells were restimulated in MLTC, and CTL activity was measured at day 5 using H5V targets. Data points represent mean ± s.d. of values of 3-6 (day 10) or 3-12 (day 25) individual mice. No significant difference was found between the controls and the IL-12-treated groups at different time points and E/T ratios (two-tailed Mann-Whitney statistics, P > 0.05) 0, vehicle; 0, 10 ng IL-12; A, 100 ng IL-12; V, 1 9g IL-12 blocks tumour growth and decreases tumourinduced mortality IL-12 is the key regulator of cytotoxic cell generation and has been shown to be required to induce the rejection of experimental tumours (Trinchieri, 1995; Fallarino et al, 1996) ; however, various tumour-derived or tumour-elicited immunosuppressive factors, including IL-10, transforming growth factor (TGF)-P, or PGE2, may block its production (Katamura et al, 1995; Trinchieri, 1995; van der Pouw Kraan et al, 1995) . In a recent series of experiments, we found that IL-12 has anti-tumour activity in the H5V system in vivo (Vecchi et al, unpublished) . Thus, we evaluated whether treatment of tumour-bearing mice with recombinant IL-12 could increase the anti-tumour immune response. Mice injected with 106 H5V cells were treated daily with different doses of IL-12 (from 10 ng to 1 gg i.p.) from the time of tumour cell inoculation to day 4, and from day 7 to day 11. The administration of 10 ng day-' IL-12 did not substantially suppress tumour growth, whereas higher doses significantly decreased the maximal diameter of primary tumours; the strongest inhibition was achieved when the highest cytokine dose was used (not shown). After a transient regression, the tumours regrew in all untreated recipients, and 13 of 18 mice died at the end of the 120-day observation period. In the case of mice treated with the lowest IL-12 dose, 9 out of 18 CTL activity was determined on day 5 using H5V targets, and mean specific lysis + s.d. was plotted. 0, control; El, 1 ng ml-' IL-12; A, 10 ng ml-1 survived to day 120 but only three were tumor-free. One animal in a group of 18 treated with 100 ng IL-12 died within 120 days, and 10 of the 17 survivors were tumour-free. All nine animals treated with 1 gg IL-12 were living at day 120, and only two had palpable tumours (Fig. 5 ). The differences between the ratios of survivors in the control and the two high-dose IL-12 groups were significant (Fisher's exact test, P < 0.001), as were the differences between the survival times (two-tailed Mann-Whitney statistics, P < 0.001).
Elimination of tumours by IL-12 treatment is not accompanied by an increase in cellular immune reactivity
To check anti-tumour cellular immune reactivity, groups of IL-12-treated and control mice were killed on days 10 and 25; spleen cell suspensions were prepared, MLTCs were set up, and H5V-specific CTL activity was measured after 5 days in culture.
In the MLTC of tumour-bearing control mice that did not receive IL-12 treatment a strong H5V-specific CTL activity was detected on day 10, which decreased slightly by day 25 (stimulator to responder ratio, 1: 100). However, at both time points and with all three IL-12 doses, the CTL activity of the IL-12-treated mice was not significantly different from the control values (two-tailed Mann-Whitney statistics, P > 0.05; Fig. 6 ).
On day 25, the natural killer (NK) activity of freshly isolated spleen cells was also evaluated using YAC-1 target cells. The highest NK activity was detected in the naive controls, whereas lower values were detected in the untreated tumour-bearing mice and in mice receiving IL-12 (data not shown).
To further evaluate the possible effect of IL-12 on anti-H5V CTL generation, in another group of experiments different doses of IL-12 (0.1 to 10 ng ml-') were added in vitro to MLTCs of nontreated tumour-injected mice. Using our standard culture conditions (stimulator to responder ratio, 1:100), a strong CTL activity was generated in the cultures of pooled spleen cells of tumour-injected mice and was not further increased by the addition of IL-12 (Fig. 7) . To evaluate the role of IL-12-induced IFN-y production in the antitumour effect of IL-12, non-treated or IL-12-treated tumourinjected mice were inoculated with anti-IFN-,y MAb. In line with our previous observations, IL-12 treatment had a pronounced antitumour effect (P < 0.05, comparison of survival times by twotailed Mann-Whitney statistics), whereas repeated injections of anti-IFN-,y antibody shortened the survival of the recipients even in comparison with control mice. Moreover, anti-IFN-y MAb treatment abrogated the anti-tumour effect of IL-12. Indeed, the survival time of mice receiving both IL-12 and anti-IFN-y MAb treatment was significantly reduced in comparison with mice receiving IL-12 only (P = 0.0002, two-tailed Mann-Whitney statistics), and was even shorter than that of untreated control mice (Fig. 8 ).
DISCUSSION
CTLs have been shown to play a major role in the regression of numerous experimental tumours (Chieco-Bianchi et al, 1988) . Our findings provide direct evidence for the generation of CTL specific for H5V tumour antigens as well. These data are in accordance with our earlier results, which demonstrated that in vivo depletion of CD8+ T cells by treatment with an anti-CD8 MAb promotes the growth of H5V tumours, and accelerates the death of the recipients (Garlanda et al, 1994) . H5V-specific CTLs were readily detected in the MLTC of tumour-bearing mice, but only if low stimulator: responder cell ratios were used, while high numbers of H5V cells blocked responder cell proliferation and CTL generation. The observation of a CTL response in the H5V system contrasts with previous reports of unsuccessful attempts to generate tumour-specific CTL in polyoma tumour-bearing mice (Dalianis, 1990; Ljunggren et al, 1994) . Indeed, the immunogenicity of the middle-T antigen was British Journal of Cancer (1998) 77(4), [656] [657] [658] [659] [660] [661] [662] IL-12 treatment of haemangiosarcomas 661 only demonstrated after immunization with middle-T peptide fragments, whereas the development of tumour-specific CTL in polyoma tumour-bearing mice was not directly shown (Reinholddson-Ljunggren et al, 1992) . A cellular immune response was observed after immunization with irradiated polyoma virustransformed embryonic fibroblasts; interestingly, high numbers of stimulator cells were also found to block the generation of CTL in this system, although no detailed description of the phenomenon was provided (Green et al, 1982) .
The release of soluble immunosuppressive factors by H5V cells in culture provides an explanation for difficulties in demonstrating a CTL response to tumour antigens using high tumour cell numbers as stimulators. We observed that H5V cells produce PGE2 in relatively high quantities; this is not surprising, considering the histological origin of the cell line. Kaposi's sarcoma tissues have also been found to contain high levels of PGE2, which underlines the similarity of the two malignancies (Ambrus et al, 1992) . PGE2 may play more than one role in the development of H5V tumours. Its immunosuppressive effects might decrease the efficacy of the anti-tumour cellular immune response; moreover, its angiogenetic properties may contribute directly to the growth of these highly vascularized tumours (Sulitzeanu, 1993; Ben-Av et al, 1995) . However, the suppressive activity of different H5V supernatants did not strictly correlate with their PGE2 content; furthermore, blocking of prostaglandin synthesis by indomethacin decreased but did not eliminate the immunosuppressive effect of the supematants. These results indicate that PGE2 does not represent the only immunosuppressive mediator produced by the H5V cells, and we are currently searching for other suppressive factors in the H5V culture supematants.
IL-12 had a strong, dose-dependent anti-tumour activity in the H5V tumour model as high doses decreased the size of the primary tumours and prevented tumour regrowth and mortality. It was expected that 1L-12 treatment would augment the immune reactivity of the tumour-bearing mice, facilitating tumour rejection. However, the possibility that the in vivo IL-12 treatment acted by increasing the anti-tumour cell-mediated immunity, thus counteracting immunosuppression, seems unlikely, as the CTL and NK activities of the cytokine-treated mice were similar to those of the untreated controls.
In the H5V model, as well as in other tumour models (Brunda et al, 1993; Noguchi et al, 1995; Teicher et al, 1996) , relatively high amounts of IL-12 (100 ng-I gig day-') are necessary for effective tumour elimination, whereas at least 10-to 100-fold lower doses were found to be optimal for boosting the cellular immune reactivity to tumour-specific peptide antigens and to viral or parasite antigens (Biron and Gazzinelli, 1995; Hall, 1995; Noguchi et al, 1995) . Therefore, in addition to the lack of an increase in anti-H5V CTL activity after IL-12 treatment both in vitro and in vivo, the discrepancy between the IL-12 dose required to cause tumour regression and boost a cellular immune response in immunization models also suggests that mechanisms other than the increase in cell-mediated immunity might be responsible for the IL-12 effect.
The possibility that IL-12 inhibits H5V tumour cell proliferation directly seems unlikely, as our preliminary experiments showed that IL-12 does not substantially influence H5V proliferation in vitro, as measured by thymidine incorporation (data not shown). Altematively, IL-12 may inhibit tumour cell proliferation by triggering IFN-y production by T lymphocytes and NK cells Nastala et al, 1994) . Our previous studies indicated that IFN-y suppresses H5V cell proliferation in vitro as well as tumour growth in vivo (Dong et al, 1996) . In line with these findings, we observed that anti-IFN-y MAb co-administration abrogated the anti-tumour effect conferred by IL-12 treatment, thus IFN-y production is essential for anti-tumour activity of IL-12.
Moreover, IL-12 was shown to suppress corneal neovascularization induced by angiogenic factors, and, like the anti-H5V activity, this antiangiogenetic effect was also IFN-y-mediated (Voest et al, 1995) . The antiangiogenetic effect of IFN-yis probably the result of the induction of the chemokine IP-1O, which was shown to suppress angiogenesis as well as tumour growth in vivo (Tannenbaum et al, 1996) . Interestingly, leucocytes attracted by IP-10 seem to be indispensable for its anti-tumour effect (Angiolillo et al, 1995; Mantovani et al, 1997a,b; Luster and Leder, 1993) .
Based on our findings, therefore, we advance that the antitumour effect of IL-12 in H5V tumour-bearing mice is mediated principally by IFN-,y, which not only exerts an inhibitory effect on H5V cell proliferation but probably also on neoangiogenesis. In this regard, it should be stressed that H5V tumours are cavernous haemangiomas consisting of a bulk of recruited host endothelial cells, and a small percentage of true malignant cells, which are also endothelial in origin (Garlanda et al, 1994) . Therefore, both the anti-tumour and the antiangiogenetic effects of the IFN-,y induced after IL-12 treatment may contribute to the prevention or regression of this peculiar tumour. However, at present there lacks a methodology to separate these effects. The similarities of the H5V tumour model to Kaposi's sarcoma may open the possibility of using IL-12 to treat Kaposi's sarcoma as well.
